RESEARCH

S
oybean [Glycine max (L.) Merr.] oil quality is determined by the relative composition of fatty acids in seed triacylglycerols. Oleic acid is the monounsaturated fatty acid in soybean seed oil with an average concentration of 230 g kg -1 (Wilson, 2004 ). An increase in oleate concentration is required for the improvement of the nutritional value and oxidative stability of soybean oil. The polyunsaturated fatty acids, linoleate and linolenate, are susceptible to oxidation; therefore, soybean oil is hydrogenated to prevent the development of unfavorable odors and fl avors (Mounts et al., 1988) . Hydrogenation leads to the synthesis of trans fatty acids in soybean oil that expose consumers to several health risks (Wilson et al., 2002) . Breeding for higher oleate and lower linolenate content not only will diminish the need for oil hydrogenation, but will also facilitate the commercial success of soybean oil under the new guidelines of the U.S. Food and Drug Administration (Wilson et al., 2002) .
Soybean lines with elevated oleic acid content have been developed. N78-2245 was derived through recurrent selection and contained 510 g kg -1 oleic acid and 42 g kg −1 linolenic acid (Wilson et al., 1981) . The soybean lines N85-2124 and N85-2176 possessed 320 to 440 g kg −1 oleic acid and 33 to 40 g kg −1
linolenic acid (Burton et al., 1989) . Recently, N98-4445A was
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ABSTRACT
Oleate content is important for the nutritional value and oxidative stability of soybean [Glycine max (L.) Merr.] seed oil. Response to selection for higher oleate content depends on its heritability in breeding populations, and correlated responses of other fatty acid and agronomic traits to selection for oleate content depend on their genetic correlations with oleate. The objective of this study was to estimate the heritability of oleate content and to determine the correlation of oleate with other fatty acid and agronomic traits in three soybean populations segregating for major and minor oleate genes grown in multiple environments. One of the populations consisted of 721 lines, providing excellent precision for estimation of the genetic parameters. The results of this study indicated that heritability for oleate content was suffi ciently high that early generation selection can be effective when practiced on unreplicated lines grown at a single environment. Signifi cant negative correlations were observed between oleate and linoleate, oleate and linolenate, as well as oleate and palmitate in all three populations. Signifi cant positive correlations were detected between palmitate and stearate in one population segregating for oleate genes and fap nc and fap1 alleles, which reduce palmitate content. In the same population we also observed a signifi cant negative correlation between yield and oleate content, and positive correlations between yield and linoleate, and linolenate and palmitate contents.
released with a concentration of 549 g kg −1 oleic and 29 g kg −1 linolenic acid (Burton et al., 2006 , respectively, were developed by X-ray irradiation of the cultivar Bay, and allelism tests suggested that oleic acid content is monogenically inherited (Rahman et al., 1994 . The high oleate trait in M23 was inherited as a partially recessive ol allele; while, ol a allele in M11 was completely dominant to the ol allele, and both alleles were located at the same locus (Takagi and Rahman, 1996; Rahman et al., 1998) . Genetic variation in oleate content was also aff ected by modifi er genes (Alt et al., 2005) . Minor and major oleate quantitative trait loci explained approximately 3 to 28% of the observed variation for the trait in soybean (Diers and Shoemaker, 1992; Monteros et al., 2004) .
The Fad2-1 and Fad2-2 genes, coding for the microsomal ω-6 desaturase enzymes that catalyze the desaturation of oleic to linoleic acid during fatty acid biosynthesis, are also implicated in the genetic variation of oleate content. The ol allele for elevated oleic content in M23 was due to a deletion of the Fad2-1 gene . Genetic manipulation of Fad2-1 gene has resulted in transgenic soybean lines with high oleic acid content (840-880 g kg −1
). The high oleate phenotype was stable across diff erent environments and the yield of the transgenic plants was comparable with elite soybean lines (Kinney and Knowlton, 1998) . Recently, two isoforms were reported for the Fad2-1 gene and three isoforms for the Fad2-2 gene (Tang et al., 2005; Schlueter et al., 2007) . The isoforms vary in expression for diff erent plant tissues and stability at diff erent temperatures during the period of oil deposition (Heppard et al., 1996; Tang et al., 2005; Schlueter et al., 2007) , which underlines the complexity of oleate biosynthesis and the need to identify the specifi c genes responsible for oleate genotypic variation (Cardinal, 2008) .
In addition to the quantitative nature of oleate inheritance, breeders have to cope with the lack of stability of some oleate genotypes across environments. Some of the current mid-oleic breeding lines, such as N98-4445A and N97-3363 utilized in this study, are unstable across environments. Their oleate variation is largely attributed to temperature changes during the seed fi lling stage (Oliva et al., 2006; Wilson et al., 2002) . Also, maternal eff ects may be partly responsible for variation in oleate content (Carver et al., 1987) .
Heritability estimates for the oleate trait were previously estimated from F 2 plants and F 2:3 lines derived from the cross of the mid-oleic mutant M23 and cultivar Archer, which has a normal oleate profi le (Alt et al., 2005) . Narrow-sense heritability estimates were 0.33 on an F 3 seed basis and 0.44 on an F 2 plant basis. Broad-sense heritability estimates for the 88 F 2:3 lines ranged from 0.37 to 0.46 among diff erent environments on a plot basis whereas heritability on an entry mean basis was 0.82 (Alt et al., 2005) .
The realized oleate heritability estimated from four cycles of recurrent mass selection for high oleate content was 0.21 (Burton et al., 1983) . However, there are no heritability estimates for oleate content in soybean populations segregating for major and minor oleate genes. Improved estimates could be obtained by tests performed with larger samples in replicated tests across environments.
Beside the lack of oleate heritability estimates, correlations of oleate with other fatty acid and agronomic traits have not been studied in populations segregating for oleate content. Previous studies reported a negative correlation of oleate with linoleate and linolenate traits, which can be explained by the fl ux through the fatty acid biosynthesis pathway (Ohlrogge and Browse, 1995) . This negative correlation was confi rmed by indirect responses to recurrent mass selection for increased oleate content (Burton et al., 1983) . Also, in the F 2:3 population of M23 × Archer, family means for oleate content were negatively correlated with palmitate (-0.47), stearate (-0.38), linoleate (-0.97), and linolenate (-0.45) traits (Alt et al., 2005) . Estimates of the genotypic correlations of oleate content with other fatty acid traits have not been reported (Cardinal, 2008) .
The objectives of this study were (i) to estimate heritability of oleate content for three soybean breeding populations segregating for this trait grown in replicated, multi-environment trials, to determine the response to selection for high oleate trait and the extent of phenotypic evaluations required for effi cient selection; and (ii) to estimate the phenotypic and genotypic correlations between oleate and other fatty acid as well as agronomic traits in order to predict indirect responses to selection for high oleate content.
MATERIALS AND METHODS
Population Development
Three soybean populations, designated as FAE, FAF, and FAS, were developed by single seed descent (Brim, 1966) . The FAE population consisted of 721 F 5 -derived lines from the cross of N98-4445A × 'Satelite', a low-palmitate, low-linolenate cultivar . The FAF population consisted of 118 F 5 -derived lines from the cross of N97-3363-3 × PI 423893. N97-3363-3 is a sister line of N98-4445A (Burton et al., 2006) . The FAS population consisted of 231 F 3 -derived lines from the cross of N98-4445A × PI 423893. N98-4445A is a high-oleate (563.1 g kg −1
), low-linoleate line developed by the USDA-ARS in Raleigh, NC (Burton et al., 2006) . PI 423893 is a plant introduction with mid-oleate (305.8 g kg ) seed oil content (USDA-ARS National Plant Germplasm System, http://www.ars-grin.gov/npgs/searchgrin.html, verifi ed 6 Aug. 2008). The FAF and FAS populations were segregating for oleate genes and the reduced linolenate fan (PI 123440) allele. The FAE population was segregating for oleate genes as well as for the fap nc and fap1 reduced palmitate alleles, but was fi xed for the reduced linolenate fan (PI 123440) allele.
Experimental Design
The FAE and FAF populations were planted separately in sets within replications experimental designs (Hallauer and Miranda, distance from the soil to the plant apex in centimeters. Yield and moisture content were evaluated only for the FAE population from the two middle rows of each plot after end-trimming and mechanical harvest. Yield was adjusted to 13% moisture content. Mature soybean seed was harvested mechanically from the two middle rows of each four-row plot or each one-row plot for the FAF population at Clayton in 2006. Approximately 10 g of seed were subsampled from each plot for the evaluation of oil content and fatty acid composition in the FAE and FAF populations. Only maturity at the R8 reproductive stage (Fehr and Caviness, 1977) , recorded as days after planting, was evaluated for the FAS population. Oil content and fatty acid composition were estimated from approximately 5 g of seed, which were subsampled from the seed harvested from each hill of the FAS population. Seed oil content was determined by nuclear magnetic resonance using a Maran pulsed NMR (Resonance Instruments, Witney, Oxfordshire, UK), and fatty acid composition was evaluated by gas liquid chromatography using a Model 6890 GC (Agilent Technologies, Inc., Wilmington, DE), as described by Burkey et al. (2007) .
Statistical Analysis
Statistical analyses of the sets within replications designs for FAE, FAF, and FAS populations were conducted with Proc MIXED in SAS 9.1 (SAS Institute, 2004) . Environments, sets, replications, lines, and their interactions were considered random eff ects. Best linear unbiased predictors (BLUPs) were obtained for all traits as the sum of the overall mean and the random eff ect for each line of the FAE, FAF, and FAS populations (Littell et al., 1996) . The degrees of freedom for FAF and FAS populations were calculated using the Satterthwaite approximation. Degrees of freedom for FAE population were derived with the containment method to reduce the computing power required. The phenotypic data of the FAF population from Clinton, NC, in 2005 were discarded due to excess missing data and greater error variance compared to the other environments. The analysis of the FAS population for a single environment was performed as described above. Statistical analysis of the modifi ed augmented design was conducted with Proc GLM in SAS 9.1 according to Scott and Milliken (1993) .
Heritability, expressed as the regression of F 5:6 off spring on F 2:3 progenitors, was estimated with Proc REG in SAS 9.1. The simple linear regression model included an intercept and heritability was estimated by the slope of the regression. Heritability estimates of the F 3 -and F 5 -derived lines on a plot and an entry mean basis were obtained according to Holland et al. (2003) . Variance components were estimated with Proc MIXED in SAS 9.1 and approximate standard errors were derived with the delta method. The harmonic means of the number of replications and environments, where each experimental line was tested, were used for increased precision of the entry mean basis heritability estimate (Holland et al., 2003) . Genotypic and phenotypic correlations were estimated according to Holland (2006) . Variance and covariance components were estimated with Proc MIXED in SAS 9.1 considering environments, replications, sets, and their interactions as fi xed eff ects to reduce the required computing power. Approximate standard errors for the genotypic and phenotypic correlation estimates were obtained with the delta method. Correlation estimates were 1988) with two replications in each location. The experimental lines were initially divided into four groups in the FAF population and fi ve groups in the FAE population according to maturity. Next, experimental lines of each maturity group were randomly assigned to sets in each population. The maturity groups were randomly assigned to columns in each set and the lines of each maturity group were randomly assigned to plots within each column. Lines of the same maturity were planted in each column of each set to facilitate mechanical harvest. Each maturity group was included at least in one column within each set of the FAE and FAF populations. Maturity groups with most of the segregating lines were found in two or three columns within each set. The parental lines of the FAF population, N97-3363-3 and PI 423893, and the parental line Satelite of the FAE population were also randomly assigned to one plot within a single set in each replication according to their maturity group. The N98-4445A parental line of the FAE population was randomly assigned, based on its maturity group, to one plot within each of the 15 sets in each replication of the experiment.
It should be noted that once the experimental and parental lines were assigned to a set, they remained in the same set in all replications, locations, and years. The order of sets and the lines within each set were randomized in each replication, location, and year, for both the FAF and FAE populations. Overall, the sets within replications design for the FAE population consisted of 15 seven-row by seven-column sets whereas for the FAF population had fi ve fi ve-row by fi ve-column sets.
The FAE population was planted in four 4.88-m rows with 0.97-m spacing between rows. Only the two middle-rows, endtrimmed to 3.96 m, were harvested at Clinton, Kinston, and Plymouth, NC, in 2005 (F 5:7 ) and 2006 (F 5:8 ). The FAF population was grown at Clinton and Kinston, NC, in 2005 (F 5:7 ) and at Clinton, Kinston, Clayton, and Plymouth, NC, in 2006 (F 5:8 ). The FAF population was planted in four-row plots, as previously described for the FAE population, with the exception of Clayton in 2006, which was planted in single 3.048-m row plots.
For both FAE and FAF populations, phenotypic data were also collected from individual F 2 plants and F 5:6 lines. F 2 seeds descended from a common F 1 plant were planted in separate rows at Clayton in 2000, and F 2:3 seed was harvested from individual F 2 plants. The F 5:6 lines of the FAE and FAF populations were planted in two-row plots in a modifi ed augmented design (Lin and Poushinsky, 1983) at Clayton in 2004. N98-4445A was used as the systematic check in the center of each main plot, which consisted of 21 subplots. Cultivars Manokin, Williams, and Holladay were used as secondary checks in fi ve randomly selected main plots within each of the fi ve blocks.
The FAS population was planted in fi ve-seed hills at Clayton in a sets within replications design with three replications in 2006. The order of sets was randomized in each replication, and lines within each set were randomly assigned to hills. The parental lines, N98-4445A and PI 423893, were randomly assigned within each of the fi ve sets in each replication.
Phenotypic Evaluation
Flowering and maturity dates were recorded for FAE and FAF populations at the R2 and R8 reproductive stages, respectively, as days after planting (Fehr and Caviness, 1977) . Plant height was also measured for the FAF and FAE populations as the considered signifi cant when their 95% confi dence intervals did not include zero (Holland, 2006) .
RESULTS AND DISCUSSION
Comparison of Genetic Variance and Heritability Estimates
Estimates of oleate genetic variation were consistently high in all three populations (Tables 1, 2 , and 3) because FAF, FAS, and FAE were segregating for several oleate genes. The genetic by environment and error variance components for oleate trait were at least fourfold smaller than the genetic variance components; however, their magnitude varied among populations.
Heritability estimates for oleate content on a plot mean basis were higher in the FAF than the FAS population (Tables 1 and 2 ), but lower in the FAE than the FAS population (Tables 1 and 3 ). According to Cockerham (1983) , the numerator of the heritability estimator for the F 5 -derived populations included an approximately 25% larger proportion of additive variance than the estimator for the F 3 -derived population. However, the FAE population had a larger error variance component due to its larger size in comparison to the FAF and FAS populations. In the FAS population, heritability estimates were confounded by the genotype × environment interaction since the population was grown in a single environment.
The high heritability estimates for oleate trait on a plot mean basis in the F 5 -derived populations suggest that selection for oleate content can be eff ective if the number of environments studied is compromised. However, sampling more replications and environments would improve oleate response to selection as demonstrated by the higher entry mean basis heritabilities (Tables 2 and 3) . Also, the high oleate heritability estimates on a plot mean basis for the FAS population suggest that eff ective selection for oleate trait can be practiced in the F 3 generation. Heritability for the FAS population may be overestimated due to confounding with the genotype × environment interaction. According to Bernardo (2003) , the expected correlation between the phenotypic mean of F 3 -derived lines and genotypic mean of the descendant homozygous lines approaches 0.80 when oleate heritability equals 0.76 (Table 1) . Therefore, selection for oleate trait should be eff ective when practiced on unreplicated lines in the F 3 generation.
The parent-off spring heritability estimates in both FAF and FAE populations were signifi cantly smaller than the heritability estimates on a plot mean and on an entry mean basis (Tables 2 and 3 ) since the later estimators included an 87% larger proportion of additive variance (Cockerham, 1983) . The low parent-off spring heritabilities, estimated from the regression of F 5:6 progeny on F 2:3 progenitors, suggest that deriving F 5 lines by single seed descent from F 2 plants selected for oleate content would not be eff ective. Selection for oleate trait should be practiced no earlier than the F 3 generation. It should be noted that parent and progeny from each population were evaluated in diff erent environments; therefore, the parent-offspring heritability estimator was not confounded by the genotype × environment covariance (Nyquist, 1991) .
Heritability estimates for the FAF population were also obtained based on variance components estimated with maturity date (R8) or maturity date within environment included as covariates in the mixed models. Although maturity eff ects explained a signifi cant part of oleate variation in all environments, oleate heritability estimates for the FAF population diff ered by less than one percentage point (data not shown) when maturity eff ects were ignored. Thus, accounting for maturity eff ects was not considered necessary for the heritability estimates reported herein.
Heritability estimates for oleate content in all three populations were higher that those reported by Alt et al. (2005) . Diff erences could be attributed to the segregation of oleate The standard error of BLUPs difference was calculated as the weighted average standard error of the difference between the BLUPs of two random lines from the same set and two random lines from different sets.
genes that vary in number, nature, or genetic eff ects among populations, leading to diff erences in the genetic variance components. Furthermore, diff erences can be due to the genetic covariance components among relatives utilized for heritability estimation. Alt et al. (2005) reported heritability for F 2 -derived lines, while estimators reported here refer to F 3 -and F 5 -derived lines. According to Cockerham (1983) , these heritability estimators include a 50% and an 87% larger proportion of additive variance, in the FAS population, and in the FAF and FAE populations, respectively, than in the study by Alt et al. (2005) . Diff erences in the error variance can also explain part of this discrepancy. Oleate heritability in all three populations was also higher than the realized heritability estimate reported by Burton et al. (1983) . The heritability estimators reported here include a 100% and an approximately 150% larger proportion of additive variance in the FAS population and in the FAF and FAE populations, respectively, compared with the study by Burton et al. (1983) . Diff erences in the error variance are also expected since in that study oleate was measured on single male-sterile plants. The standard error of BLUPs difference was calculated as the weighted average standard error of the difference between the BLUPs of two random lines from the same set and two random lines from different sets.
The greatest diff erences in the estimates of variance components for fatty acid traits among the three populations were observed for palmitate and linolenate. The FAE population (Table 3) had signifi cantly higher genetic variance for palmitate and lower genetic variance for linolenate than the FAF and FAS populations (Tables 1 and 2 ). This is due to segregation of the FAF and FAS populations for the reduced linolenate fan (PI 123440) allele. The FAE population segregated for the fap nc and fap1 reduced palmitate alleles and was fi xed for the fan (PI 123440) allele. This also explains the relatively higher linolenate heritability estimates and lower palmitate heritability estimates observed for the FAF and FAS populations. The heritability estimates for palmitate are in agreement with those reported by Cardinal and for three diff erent populations segregating for the fap1, fap nc , and fan alleles.
The variance component estimates for agronomic traits evaluated in the three populations were similar with the exception of maturity date, which diff ered among the three populations (Tables 1, 2 , and 3) due to their diff erent genetic backgrounds. The three populations were segregating for at least some diff erent maturity genes since PI 423893, the parental line used for the development of FAF and FAS populations, is a Maturity Group (MG) III line, and Satelite, the parental line of FAE population, is an MG VI line. It should also be noted that in the FAF and FAE populations (Tables 2 and 3 ) height, maturity, and fl owering dates have high heritability estimates both on a plot and an entry mean basis. The heritability estimate for yield in the FAE population (Table 3) was relatively low on a plot basis, indicating that multi-environment trials are essential when selecting for yield. Low heritability estimates for yield have been previously reported .
Comparison of Genotypic and Phenotypic Correlations among Fatty Acid Traits
In all three populations, signifi cant negative genotypic and phenotypic correlations were observed between oleate and linoleate, as well as oleate and linolenate traits (Tables 4, 5, and 6). These results are in agreement with previous studies (Alt et al., 2005) and with the current knowledge of fatty acid biosynthesis (Ohlrogge and Browse, 1995) . These results are also strengthened by the outcome of recurrent mass selection for high oleate content, which led to the increase of mean oleate content from 25 to 33% and the correlated decrease of linolenate content from 8 to 6% and linoleate content from 53 to 47% (Burton et al., 1983) . Although the magnitude of the correlations reported from diff erent studies diff ers due to the diverse genetic background of the populations and the diff erent methods used for their estimation, the strongest correlation was consistently observed between oleate and linoleate.
Oleate was negatively correlated with palmitate in all three populations, but oleate was signifi cantly correlated with stearate only in the FAE population (Table 6 ). Pearson's correlation estimates of oleate with palmitate and stearate, reported by Alt et al. (2005) , were both negative. Signifi cant negative correlations between oleate and palmitate were also reported by Rebetzke et al. (1998 Rebetzke et al. ( , 2001 . Rebetzke et al. (1996) showed that oleate was negatively correlated with palmitate, but not signifi cantly correlated with stearate, in a study evaluating the stability of palmitate and stearate content in 30 soybean lines with early and late maturity profi les derived from the base, third, and sixth cycles of recurrent selection for high oleate content. However, recurrent mass selection for high oleate content (Burton et al., 1983) resulted in no change in palmitate and stearate contents. detected negative correlations between oleate and palmitate, as well as between oleate and stearate, only in one of three F 4 -derived populations segregating for the fap nc , fap1, and fan alleles. Also, Primomo et al. (2002) reported signifi cant negative correlations between oleate and palmitate only in one of six F 2 soybean populations segregating for diff erent palmitate and linolenate alleles.
In the FAE population, signifi cant positive genotypic and phenotypic correlations were detected between palmitate and stearate (Table 6 ). This observation is in agreement with , where three F 4 -derived populations, segregating for the fap nc , fap1, and fan alleles, revealed signifi cant positive correlations between palmitate and stearate contents. suggested that the FATB1a gene, which encodes for the palmitate thioesterase in soybean and is deleted in the fap nc allele, is putatively active toward stearoyl acyl carrier protein substrates and, therefore, provides a possible explanation for the positive correlation between palmitate and stearate.
Comparison of Genotypic and Phenotypic Correlations between Fatty Acid and Agronomic Traits
Signifi cant positive genotypic and phenotypic correlations were observed between oleate and maturity date for both FAF and FAS populations (Tables 4 and 5) , while significant negative genotypic and phenotypic correlations were found between oleate and maturity date and between oleate and fl owering date for the FAE population (Table  6 ). As expected, the correlations of linoleate and linolenate with fl owering and maturity dates were all signifi cant in the opposite direction in each population. These correlations were interpreted based on the maturity profi les of the three populations. Lines of the FAF and FAS populations matured earlier on average (Tables 1 and 2 ) than lines of the FAE population (Table 3) , since the parental line used for their development belongs to an earlier maturity group. Interestingly, early maturing lines of the FAF and FAS populations had reduced oleate content at high temperatures exceeding the 30°C during the period of oil deposition; while, late maturing lines of the FAE population had reduced oleate content due to low temperatures during oil deposition (data not shown).
Oil content was negatively correlated with oleate and maturity date for the FAF population as well as with fl owering date for the FAS population (Tables 4 and 5 ). In the FAE population, oil content was negatively correlated with both fl owering and maturity dates (Table 6 ). However, for the FAE population no correlation was observed between oil and oleate, but oil was negatively correlated with linolenate. The negative correlations of fl owering and maturity dates with oil content can be explained since early fl owering and maturity leads to higher temperatures during the period of oil deposition, which results in elevated oil content (Martin et al., 1986; Wolf et al., 1982) .
Signifi cant negative phenotypic and genotypic correlations between yield and oleate (Table 6) were shown in the FAE population. Yield was positively correlated, both phenotypically and genotypically, with linoleate and linolenate contents. Since yield was signifi cantly positively correlated with fl owering and maturity dates, there is no reason to assume that the negative correlation between yield and oleate is due to maturity eff ects. Positive correlations between yield and maturity were also reported by Cherrak et al. (2003) for a population segregating for palmitate and linolenate genes. Furthermore, signifi cant positive phenotypic and genotypic correlations were observed between yield and palmitate, which is in agreement with the study of three F 4 -derived populations, segregating for the fap nc , fap1, and fan alleles, reported by . suggested that the signifi cant positive correlation between yield and palmitate is due to the genetic eff ect of the major palmitate alleles fap nc and fap1 on yield. It should be noted that the FAE population is also segregating for the major palmitate alleles fap nc and fap1.
CONCLUSIONS
The oleate heritability estimates reported herein suggest that eff ective selection can be practiced on unreplicated lines grown at a single environment no earlier than the F 3 generation. Therefore, early generation selection for oleate content can be conducted with limited multi-environment testing. Results of this study indicate that selection for higher oleate content will result in lower linoleate, linolenate, and palmitate content in soybean oil. The signifi cant negative correlation between oleate content and yield also suggests that the development of high oleate germplasm, which is currently on demand due to its nutritional value and oxidative stability, may be hindered by lower yields.
